Introduction
Centrioles and basal bodies exhibit a unique, ninefold ro tational symmetry of microtubules that are responsible for organizing centrosomes and cilia, respectively. The essential nature of centrioles is in their function as basal bodies for cilia formation, reflecting the predicted evolutionary origin of these complex organelles (Azimzadeh and Bornens, 2004; Basto et al., 2006; Marshall and Nonaka, 2006) . Cilia defects con tribute to human ciliopathies that cause a series of pathol ogies ranging from cystic kidneys to mental retardation. The complexity of ciliopathies reflects the vast number of cellular events that involve centriole function and are in the array of signaling pathways that act through cilia (Badano et al., 2006; Eggenschwiler and Anderson, 2007; Berbari et al., 2009; Gerdes et al., 2009 ). Central to these events is the proper assembly and maintenance of centrioles.
Centrioles are structural platforms that withstand the forces generated by centrosomes and ciliary beating. Centri oles are comprised of /tubulin subunits that are stably incorporated so that the structure is conserved during new centriole assembly (Kochanski and Borisy, 1990; . Posttranslational modifications of the centriolar microtubules facilitate this stability (Piperno and Fuller, 1985; Gundersen and Bulinski, 1986; Eddé et al., 1990; Bobinnec et al., 1998b) . Antibodies that recognize tubulin glutamylation disrupt centrioles and centrosomes in a manner that is exacer bated when centrosomes experience greater pushing and pull ing forces. Thus, these organelles are resilient to such forces (Bobinnec et al., 1998a,b; Abal et al., 2005) . Disruption of tubulin glutamylation causes defects in ciliary beating, sug gesting that the stable basal bodies are necessary for normal ciliary motility (Million et al., 1999; Wloga et al., 2008) . Tubulin family proteins  and tubulin are necessary for cen triole assembly and structural maintenance (DupuisWilliams et al., 2002; Dutcher et al., 2002; Shang et al., 2002) , whereas tubulin is required for the triplet microtubule structure (Dutcher and Trabuco, 1998; Garreau de Loubresse et al., 2001 ). In addition, microtubuleassociated components, such as CAP350, contribute to the stability of centrioles (Le Clech, 2008) . Similarly, basal body fragmentation has been found in Drosophila melanogaster mutants in pericentrinlike protein (MartinezCampos et al., 2004) . The detailed mechanism for the assembly and stability that enable centrioles to withstand C entrioles are the foundation for centrosome and cilia formation. The biogenesis of centrioles is initiated by an assembly mechanism that first synthesizes the ninefold symmetrical cartwheel and subsequently leads to a stable cylindrical microtubule scaffold that is capable of withstanding microtubule-based forces generated by centrosomes and cilia. We report that the conserved WD40 repeat domain-containing cartwheel protein Poc1 is required for the structural maintenance of centrioles in Tetrahymena thermophila. Furthermore, human Poc1B is required for primary ciliogenesis, and in zebrafish, DrPoc1B knockdown causes ciliary defects and morphological phenotypes consistent with human ciliopathies. T. thermophila Poc1 exhibits a protein incorporation profile commonly associated with structural centriole components in which the majority of Poc1 is stably incorporated during new centriole assembly. A second dynamic population assembles throughout the cell cycle. Our experiments identify novel roles for Poc1 in centriole stability and ciliogenesis.
Basal body stability and ciliogenesis requires the conserved component Poc1

Results
Poc1 is required for ciliary motility
To determine the function of the basal body component, Poc1, a Poc1 deletion strain was generated in Tetrahymena thermophila (poc1∆). poc1∆ cells incubated at 30°C grew slightly slower than wildtype controls (celldoubling time: poc1, 3.4 ± 0.3 h; wild type, 2.9 ± 0.2 h; Fig. S1 A) . The growth defect in poc1∆ cells was exacerbated when cells were grown at an elevated temperature of 38°C (celldoubling time: poc1, 3.9 ± 0.5 h; wild type, 2.7 ± 0.2 h; Fig. S1 A) . At this elevated temperature, poc1∆ cell populations doubled approximately twice before failing to divide any further. To determine the fate of the poc1∆ cells at 38°C, cell viability was measured (Fig. S1 B) . Cell death in poc1∆ cells increased over time, reaching 91% lethality after 5 d at the restrictive temperature. poc1∆ cells maintained at 38°C for 7 d did not recover when shifted back to 30°C. The loss of POC1 causes a temperaturesensitive lethal phenotype.
Basal bodies serve as a platform for ciliarybased motil ity. To determine whether Poc1 is important for cilia function, the swimming rate of cells without POC1 was quantified. Cell motility in poc1∆ cells was significantly slower (poc1∆, 281 ± 77 µm/s; wild type, 445 ± 100 µm/s; Fig. S1 C), and the de creased motility rate was exacerbated at 38°C (poc1∆, 53 ± 51 µm/s; wild type, 481 ± 95 µm/s; Fig. S1 C) . These data dem onstrate that Poc1 is required for normal ciliabased motility.
Poc1 WD40 repeat domain is required for basal body frequency and organization
Basal bodies were visualized in poc1 cells to determine how Poc1 contributes to ciliary motility. T. thermophila basal bodies are organized into ciliary rows, and the frequency of basal bod ies (number of basal bodies/unit length) is relatively uniform when normalized for cell cycle position. At 30°C, basal body or ganization in poc1 cells appeared relatively normal (Fig. 1 A) . In contrast, a massive disruption of basal body organization, frequency, and loss of the oral apparatus (the basal body-rich feeding structure) was observed in poc1 cells that were main tained at 38°C for 24 h (Fig. 1 A) . A range of defects were observed in these cells, including aberrant cell morphology with cellular extensions, binucleated cells, and cell death. The frequency of these phenotypes in poc1 cells at 38°C was quan tified over a 5d time course (Fig. S1 D) . The reduction in basal body frequency, disruption of basal body organization, and loss of oral apparatuses were observed soon after temperature shift, suggesting that these defects are the direct result of Poc1 loss at 38°C and likely contribute to the defective cell motility. Phago cytosis is commonly lost upon oral apparatus disruption and can lead to cell inviability (Basmussen and Orias, 1975; Brown et al., 1999) . Thus, the lethality may be a result of loss of the oral apparatus and phagocytosis.
To verify that the defects are the result of Poc1 loss, GFP POC1 was introduced into poc1 cells, and the cells were shifted to 38°C. These cells were viable and exhibited normal basal body organization and frequency and normal oral appa ratuses ( Fig. 1 B and Fig. S3 ). Expression of GFPPOC1 up to 7 d after poc1 cells without GFPPOC1 were shifted to 38°C forces from spindle dynamics, fluid flow, and ciliary beating remain to be discovered.
A conserved series of structural centriole assembly stages have been defined predominantly by EM (for reviews see Dutcher, 2007; . Assembly begins with the generation of the ninefold symmetric cart wheel followed by microtubule triplet formation. This leads to a final cylindrical structure composed of nine triplet micro tubules capped at both proximal and distal ends. The proximal end, containing the cartwheel, is critical for the assembly and maintenance of these organelles. Chlamydomonas reinhardtii Bld10 is important for the assembly of cartwheels and ulti mately centrioles (Matsuura et al., 2004; Hiraki et al., 2007) . In addition, Sas6 localizes to the cartwheel hub or central tubule and is essential for centriole assembly and ninefold symmetry (Dammermann et al., 2004; Pelletier et al., 2006; Kilburn et al., 2007; Nakazawa et al., 2007; RodriguesMartins et al., 2007; Strnad et al., 2007; Vladar and Stearns, 2007; Culver et al., 2009) .
Although stable molecular constituents such as tubulin contribute to centriole structure, additional molecular components transiently associate with centrioles (Kochanski and Borisy, 1990; Kirkham et al., 2003; Gönczy, 2003, 2005; Dammermann et al., 2008; ). In addition, some basal body components (TtCen1 and TtSas6a) exhibit both dynamic exchange through the cell cycle and stable incor poration during new basal body assembly ). The protein populations exhibiting these different mechanisms of association localize to specific domains within the basal body ). The functional significance of such incorporation is not well characterized; however, they appear to be critical for Sas4's role in proper microtubule assembly in C. elegans (Dammermann et al., 2008) . Thus, centrioles are comprised of both stable and dynamic components, yet how these different populations of proteins and the centriole domains to which they localize contribute to a functionally stable organ elle is not yet understood.
To determine how cartwheel proteins function in basal body assembly, maintenance, and function, we performed a proteomics screen to identify novel basal body proteins, includ ing cartwheel proteins (Kilburn et al., 2007) . One such protein, TtPoc1, is a conserved centriole component that is required for centriole assembly (Andersen et al., 2003; AvidorReiss et al., 2004; Li et al., 2004; Keller et al., 2005 Keller et al., , 2009 Broadhead et al., 2006; Kilburn et al., 2007; Hames et al., 2008; Woodland and Fry, 2008) . Poc1 binds to microtubules in vitro (Hames et al., 2008) ; however, the role for Poc1 in basal body assembly and ciliogenesis has not been studied.
Our work demonstrates that Poc1 is a stable basal body constituent that localizes to the basal body cartwheel, the site of new basal body assembly, and the microtubule cylinder walls. Poc1 is required for the stability of basal bodies, ciliarybased motility, and proper cilia formation. Poc1 provides a molecular link between the assembly and stability of centrioles for ciliary based motility in T. thermophila and cilia formation and function in zebrafish and humans. Defects caused by Poc1 depletion generate maladies commonly associated with ciliopathies. Poc1 for basal body stability and organization • Pearson et al. and Kintner, 2008) . In particular, the formation and organiza tion of accessory structures determine the proper orientation of basal bodies. One prominent structure that contributes to this polarity in T. thermophila is the kinetodesmal fiber at the proxi mal end of basal bodies that becomes disrupted in specific posi tioning and orientation mutants (JerkaDziadosz et al., 1995; Beisson and JerkaDziadosz, 1999) . To determine whether such organizational defects occur in poc1 cells, kinetodesmal fibers were immunolocalized. poc1 cells, at both 30 and 38°C, displayed intact kinetodesmal fibers for most of the basal bodies in the ciliary rows (Fig. S2 B) , suggesting that the loss in basal body organization in poc1 cells at 38°C did not result from the loss of kinetodesmal fibers.
The density of basal bodies per ciliary row in T. thermophila is maintained by the assembly of new basal bodies before cell division (Nanney, 1975; Kaczanowski, 1978) . To determine whether the frequency of basal bodies is altered in the absence of Poc1, poc1 cells were arrested in G1 by media starvation also rescued the temperaturesensitive lethality, suggesting that basal bodies could be repaired by the reintroduction of Poc1. Truncated GFP fusions were introduced into poc1 cells at 38°C to determine whether specific domains of the Poc1 protein were responsible for its localization and function in normal basal body number and organization. Surprisingly, cells exhibited a wildtype phenotype when the Nterminal fragment containing only the WD40 repeat (aa 1-342) was expressed ( Fig. 1 B) . Rescue was not observed with the C terminus of the protein (aa 343-634). Consistent with these results, the full length POC1 (aa 1-634) and the WD40 repeat truncation local ized to basal bodies, whereas the Cterminal domain did not (Fig. S2 A) . The fluorescence intensity of the GFPpoc1wd40 truncation was reduced compared with fulllength GFPPoc1 at 30°C (Fig. S2 A) . These results indicate that the WD40 repeat domain is critical for Poc1's function.
Proper basal body organization and polarity is required for efficient ciliary beating from ciliates to humans (Marshall Figure 1 . Basal body frequency and organization defects in poc1. (A) Wild-type (POC1) and poc1 knockout (poc1) T. thermophila cells were stained for basal bodies (green) and DNA (blue) after growing cells at either 30 or 38°C for 24 h. poc1 cells at 38°C exhibit a decreased frequency and disorganization of basal bodies and disruption of the oral apparatus (arrows). (B) poc1 cells with GFP-POC1 (aa 1-634), GFP-poc1-wd40 (aa 1-342), or GFP-poc1-c terminus (aa 343-634) at 38°C for 48 h. GFP-POC1 and the GFP-poc1-wd40 truncation rescues the lethality, oral apparatus defects, and basal body organization and frequency defects. (C) The frequency of basal bodies in poc1 cells is decreased in cells arrested by media starvation at 30°C for 12 h. The number of basal bodies in the medial 10 µm of cortical rows was measured to determine the mean number of basal bodies per micrometer. The red box is a representative region within the medial region of the T. thermophila cell selected for analysis. WT, wild type. *, P < 0.01; n > 150. Error bars indicate mean ± SD. Bars: (A and B) 10 µm; (C) 1 µm.
defects within the proximal end of the basal body was observed at 30°C (Fig. 2) . These defects are generally characterized by anomalies in microtubule continuity or breaks in the walls of the cylinder structure. Such basal body proximalend struc tural defects were exacerbated at an increased temperature (38°C; Fig. 2 A) . Fewer basal bodies were found in poc1 samples at 38°C, suggesting that poc1 basal bodies at 38°C are less stable under the TEM fixation conditions. Furthermore, the cylinder walls were significantly disrupted in the observed basal bodies (Fig. 2 A) .
Poc1 is required for basal body stability and maintenance
The basal body structural defects in poc1 cells suggest that Poc1 is required for the proper assembly of a mature basal body structure. To assess basal body assembly, a strategy to visualize newly assembled (immature) basal bodies was used (Shang et al., 2005; . Old basal bodies were labeled (K antigen; Williams et al., 1990) relative to all basal bodies (anticentrin; StemmWolf et al., 2005) . New basal bodies with centrin staining and no K antigen signal were found for both wildtype and poc1 cells at both 30 and 38°C (Fig. 3 A) , sug gesting that Poc1 is not required for new basal body assembly. However, some of the new basal bodies assembled in poc1 cells at 38°C contained variable levels of centrin fluorescence.
for 12 h, and the frequency of basal bodies was quantified within the medial region of the cell (number of basal bodies/µm [bb/µm]). The frequency of basal bodies was significantly reduced in poc1 cells at 30°C (poc1, 0.60 ± 0.14 bb/µm; POC1, 0.73 ± 0.11 bb/µm; Fig. 1 C) . The decreased basal body frequency was not a result of altered cell length (unpublished data). The decreased basal body frequency in the absence of Poc1 reveals a phenotype at 30°C that may be caused by either a cessation or decreased efficiency in new basal body assembly or an assembly defect causing decreased stability of basal bodies.
Poc1 loss causes basal body structural defects
The decreased frequency of centrinstained basal bodies in poc1∆ cells suggests that structural defects may be associated with the loss of Poc1. The ultrastructure of basal bodies in poc1 cells grown at 30 and 38°C was visualized using trans mission EM (TEM). We found that 60% of basal bodies observed in poc1 cells at 30°C exhibited structural defects in contrast to only 20% of wildtype basal bodies. At 30°C, basal bodies in poc1 cells lacked the electrondense material normally present in the central lumen, and cytoplasm infil trated into this luminal region (Fig. 2) . Although the cartwheel structure remained intact, a subtle increase in structural poc1 knockout cells is a result of the arrest and decreased basal body stability (poc1, 0.82 ± 0.16 bb/µm; POC1, 0.78 ± 0.12 bb/µm; Fig. S3 C) . In the absence of Poc1, new basal bodies are assembled, but they are less stable, especially at elevated temperatures.
Consistent with a role in basal body stability, basal bodies were more sensitive to the microtubuledepolymerizing drug nocodazole. Basal bodies were less organized in poc1 cells treated with 10 µg/ml nocodazole at 30°C for 7 h, and the frequency of basal bodies was decreased (Fig. S2 D) .
Poc1 exhibits both stable and dynamic protein incorporation at basal bodies
The role of Poc1 in the assembly of a stable basal body suggests that Poc1 is incorporated early during assembly. Poc1 protein deposition was monitored during new basal body assembly to understand how and when Poc1 becomes incorporated. Cells containing a transcriptional regulated version of GFPPoc1 in the presence of endogenous, untagged Poc1 were arrested by media starvation to inhibit new basal body assembly. GFPPoc1 expression was induced for 2 h, and a low level of GFPPoc1 fluorescence was observed in all basal bodies (Fig. 4 A, arrest) . These results suggest that Poc1 exhibits a low level of dynamic Thus, even though new basal bodies form in the absence of Poc1, the new basal bodies are not completely mature or con tain defective structures (Fig. 3 A) , which is consistent with the structural defects shown in Fig. 2 .
Because poc1 cells assemble basal bodies even at 38°C, we asked whether Poc1 was required for their stability/ maintenance. poc1 cells were arrested by nutrient starvation so that new basal body assembly does not occur. The arrest was maintained for an additional 24 h to test whether the frequency of basal bodies decreased (indicative of a loss in stability). poc1 cells exhibited significantly reduced numbers of basal bodies per micrometer when arrested for an additional 24 h (Fig. 3 B) . Wildtype cells did not demonstrate an appre ciable difference in basal body frequency. Finally, to determine whether the basal bodies assembled without Poc1 at increased temperatures (38°C) were less stable than those assembled at 30°C, T. thermophila cells were grown at 38°C and arrested at 38°C overnight. Unlike wildtype cells, the poc1 cells exhib ited severely decreased numbers of basal bodies per microm eter (poc1, 0.30 ± 0.14 bb/µm; POC1, 0.75 ± 0.11 bb/µm). Before cell cycle arrest, the mean frequency of basal bodies was slightly higher in poc1 compared with wild type at 38°C, suggesting that the reduced number of basal bodies found in Figure 3 . Poc1 is required for basal body stability. (A) New basal bodies assemble in the absence of Poc1. All basal bodies (centrin, red) were observed relative to mature basal bodies (K antigen, green). Newly formed basal bodies (no K antigen) were found at all conditions. (B) Basal bodies are less stable in poc1 cells. Cells were arrested at 30°C for 12 h (left) to create a uniform cell cycle population, and the arrest was maintained either at 30 (middle) or 38°C (right) for an additional 24 h. Basal body frequency was quantified for each condition by counting the number of centrin-stained basal bodies per micrometer. (C) Basal bodies assembled in poc1 cells at 38°C are less stable than at 30°C. Cells were grown at 38°C for 24 h before arrest for 12 h at 38°C. Black bars, wild-type POC1; gray bars, poc1. *, P < 0.01; n > 150. Error bars indicate mean ± SD. Bars, 1 µm.
during new basal body assembly, whereas a smaller proportion of the Poc1 protein is dynamic and incorporated independent of new basal body assembly.
The relative fraction of the stable and dynamic Poc1 at basal bodies was determined by measuring the ratio between the old (dim; dynamic only) and new (bright; dynamic and stable) basal bodies. The ratio of fluorescence intensities of old to new basal bodies was 0.18 ± 0.08 (n = 541), suggesting that 18% of the protein population is dynamic, whereas the remaining 82% is stably assembled only during new basal body assembly. This ratio, showing that the majority of the protein incorporation at basal bodies that is independent of new basal body assembly . Upon release from the cell cycle arrest, GFPPoc1 incorporated at newly assem bled basal bodies. In contrast to centrin antibody staining that uniformly labeled all basal bodies, newly formed basal bodies (those assembled in the anterior position relative to its closely positioned mother basal body) were brightly labeled with GFP Poc1 relative to their dimly labeled parent (Fig. 4 A, release 2 h). Similar results were also found when comparing the old oral apparatus and the newly forming oral apparatus. These results suggest that the majority of Poc1 is stably incorporated Figure 4 . Poc1 exhibits both dynamic and stable incorporation at basal bodies. (A) GFP-Poc1 protein incorporation during basal body assembly. Noninduced cells exhibited no fluorescence signal. GFP-Poc1 expressed for 2 h in cells arrested for 12 h to inhibit basal body assembly. Low fluorescence uniformly incorporated at all basal bodies. Cells were released from the arrest for 2 h in the presence of GFP-Poc1. Dim GFP-Poc1 signal was found at existing, mature basal bodies (arrowhead), whereas newly assembled basal bodies contained bright GFP-Poc1 (arrow). Uniform anticentrin staining was observed at all basal bodies. 8 h after release, the majority of the basal bodies were brightly labeled. In contrast to the 2-h release, at 8 h, new basal bodies in dividing cells were dim (arrow) compared with old basal bodies (arrowhead). (B) FRAP to quantify the dynamic fraction of GFP-Poc1 in poc1 cells. After photobleaching, fluorescence recovery was followed. and cells were fixed for IEM. Under these conditions, only dynamic Poc1 incorporation at basal bodies is observed (Fig. 4 A) . This population localized to the cartwheel (60%) and the nascent site of basal body assembly (37%) (Fig. 5,  arrest) . These populations represent the dynamic fraction that was measured by our FRAP experiments to be only 25% of the total Poc1 population. Based on the IEM distribution, we predict that 15% of the total Poc1 is dynamic at the cartwheel and 10% is dynamic at the site of nascent basal body assembly.
Cells grown for 8 h in the presence of GFPPoc1 have both stable and dynamic populations of Poc1 at basal bodies (Fig. 4 A) . In this study, the cylinder walls were strongly deco rated with Poc1 in addition to the cartwheel and nascent site of assembly (Fig. 5, release 8 h) . Because 75% of the total Poc1 at basal bodies is stable and because the ratios in growing cells of antibody labeling between the cartwheel, nascent site, and microtubule walls cannot be explained only by dynamic incor poration into the cartwheel and nascent site, we calculate that 35% of the total stable Poc1 pool localized to the cylinder walls, whereas 35% assembled at the cartwheel. These re sults suggest that the stable Poc1 population assembles at the basal body cylinder walls and the cartwheel. A smaller dy namic fraction is also present at the cartwheel and the nascent site of assembly.
Human Poc1B is required for primary cilia formation
There are two Poc1like proteins in humans; however, beyond localization of Poc1 to basal bodies (Hames et al., 2008; Blachon et al., 2009; Keller et al., 2009) , the role of Poc1 in ciliogenesis has not been studied. We localized mCherry fused to the two Poc1like proteins in ciliated human RPE1 cells (HsPoc1A and HsPoc1B). Both Poc1like proteins exhibited identical localization to basal bodies of primary cilia (Fig. 6 A) . The same localization was observed using antibodies directed against either Poc1B (CO200; Fig. 6 B and Fig. S3 ) or both Poc1A and Poc1B (Hames et al., 2008) . As found for TtPoc1 (Fig. S2 A) , HsPoc1B and HsPoc1B truncations containing the WD40 repeat domain localized to basal bodies; however, the Cterminal domain containing the conserved Poc1 domain did not localize to centrioles or basal bodies (Keller et al., 2009; unpublished data) .
T. thermophila Poc1 localizes to multiple basal body do mains. Consistent with the T. thermophila cartwheel localiza tion, we found that HsPoc1B localizes to the proximal end of both basal bodies of primary cilia and centrioles (Figs. 6 B) . HsPoc1B was found to reside between CNap1, which localizes to the base and fibers linking basal bodies (Fry et al., 1998) , and Cetn2, which predominantly localizes to the distal end of cen trioles (Baron et al., 1992; Paoletti et al., 1996) . IEM localiza tion of HsPoc1B to centrioles and basal bodies exhibited localization to the cylinder walls, cartwheel, and the transition zone. Consistent with the fluorescence localization, most HsPoc1B was found at the proximal end of the basal body. In addition, a significant level of gold label (23%) was found at the transition zone.
protein population is incorporated only during new basal body assembly, is similar to that found for other structural basal body and centriole proteins (Kochanski and Borisy, 1990; . As expected, cells grown for mul tiple cell cycles so that most basal bodies were assembled in the presence of GFPPoc1 lead to more bright and uniform GFPPoc1 labeling (Fig. 4 A, release 8 h) . However, by this time point, new basal bodies of closely associated pairs were often dim compared with the older basal bodies (Fig. 4 A, release 8 h). We predict that the dim signal is a result of the lack of additional Poc1 incorporation during later stages of assembly and maturation. As the basal body matures early after assembly, new Poc1 continues to be incorporated at the daughter basal body until the levels equalize with the mother basal body. Cells either in interphase or arrested by starva tion, where new basal body assembly is low or halted, con tained uniform Poc1 fluorescence (Fig. S2 E) . This indicates that Poc1 incorporation continues for a short time period after new basal body assembly.
The dynamic and stable populations of Poc1 at basal bod ies were measured using FRAP. Photobleaching of brightly labeled GFPPoc1 basal bodies (without endogenous Poc1) resulted in 25 ± 10% Poc1 recovery, indicating that 75% of Poc1 is stable. The dynamic population of Poc1 exhibited rapid recovery (t 1/2 = 1.5 ± 0.8 s; Fig. 4 B) . These results, combined with the aforementioned ratio experiments, indicate that the majority of Poc1 is stable and incorporates only during new basal body assembly.
In the presence of endogenous Poc1, induced GFPPoc1 incorporates into the basal body structure during a specific event within the assembly process. To determine whether Poc1 incorporation at existing basal bodies increases when the Poc1binding sites are not occupied (poc1), GFPPoc1 was expressed in poc1 cells for 2 h. Surprisingly, bright and uni form GFPPoc1 signal was observed at both new and old basal bodies, indicating that unoccupied binding sites are accessible to Poc1 incorporation throughout the cell cycle (Fig. 4 C) . This is in contrast to the bright and dim fluorescent protein distribution found when GFPPoc1 was expressed in the pres ence of unlabeled, endogenous Poc1 (Fig. 4 A) . However, once Poc1 incorporates, the protein remains stably bound to these sites (Fig. 4 C) .
Stable Poc1 assembles at cartwheels and the cylinder walls
Identical basal body localization was observed by both light and immunoEM (IEM) when all copies of the POC1 gene were replaced with either an N or Cterminal fusion of mCherry or GFP to POC1 (Fig. S2 E; Kilburn et al., 2007; unpublished data) . Endogenous Poc1 localizes to three major domains within the basal body ultrastructure: the cartwheel, the medial region cylinder walls, and the site of new basal body assembly. We studied the incorporation profile and stability of Poc1 at each of the three basal body domains. T. thermophila cells containing a regulated copy of GFP POC1 were arrested by media starvation to inhibit new basal body assembly. GFPPoc1 expression was induced for 2 h, cilia that permit the movement of filtrate through the pronephric ducts for excretion from the body via the cloaca. To determine whether the kidney cysts were associated with impairment of renal filtration, a rhodamine-dextran clearance assay was per formed (Hentschel et al., 2005; Tobin and Beales, 2008) . The fraction of rhodamine-dextran cleared from the pericardium 24 h post injection in the Dr.poc1b morphants was significantly reduced (Dr.poc1b MO, 48%; control, 66%; Fig. S5 E) . The de creased clearance suggests that the efficiency of renal clearance is reduced in the absence of Poc1B.
Consistent with inefficient ciliary beating and/or flow in the pronephric ducts, cilia stained for acetylated tubulin were less organized and shorter compared with the noninjected con trol embryos (Fig. 7 B) . Cilia in the posterior neural tube were expanded and disorganized (Fig. 7 B) . The short cilia were more apparent in the Kupffer's vesicle (KV), in which the ciliary length in Dr.poc1b MO-injected zebrafish was approximately half that of the controls (Fig. 7 B) .
Situs inversus is a common developmental defect ob served in ciliopathies. The deregulation of morphogen flow within the ciliated node or the zebrafish KV is considered to be a major cause of laterality disorders. The short KV cilia in Dr.poc1b morphants suggests that laterality defects may result from DrPoc1B loss. We quantified the positioning of heart looping To determine whether HsPoc1 contributes to primary ciliogenesis, HsPoc1 was depleted using siRNA in cells induced to undergo primary cilia formation. We found that siRNA of Poc1A did not have an effect on cilia formation or length, whereas there was a significant decrease in ciliogenesis in Poc1B siRNAtreated cells (30% decreased primary cilio genesis; Fig. 6 C) . In addition, the HsPoc1B knockdown cells that were cilia positive commonly exhibited shorter (HsPoc1B siRNA, 3.3 ± 1.3 µm; control, 4.6 ± 1.2 µm; P < 0.001) and bent cilia compared with wildtype and HsPoc1A siRNA. The depletion of HsPoc1A was not as efficient as that found for HsPoc1B (Fig. S4) .
Zebrafish Poc1B morphants exhibit defects commonly found in ciliopathies
The morphological anomalies associated with human ciliopa thies can be reproduced in zebrafish with ciliary defects. To establish whether Poc1Bdepleted zebrafish exhibit ciliopathy associated defects, Dr.poc1b morpholinos (MO) were used.
Dr.poc1b morphants exhibited smaller eyes, pericardial edemas, shorter and curved bodies, and mislocalized melano cytes ( Fig. 7 A and Fig. S5) . Furthermore, at 120 h post fertil ization (hpf), 20% of the MOinjected fish displayed kidney cysts (Fig. S5 D) . The zebrafish pronephros is lined with motile by in situ hybridization using a heart marker, cmlc2 (cardiac myosin light chain 2; Peterkin et al., 2007) . 26% of Dr.poc1B MO-injected embryos exhibited laterality defects with 15% of embryos displaying rightsided heart looping and 11% with medially located hearts (Fig. 7 C) . Ciliopathy patients commonly display facial gestalt dys morphology as a result of aberrant neural crest cell (NCC) migration, which is necessary to form the craniofacial skeleton. Zebrafish ciliopathy gene morphants exhibit analogous cranio facial defects . Consistent with DrPoc1B having a role in proper NCC migration, Dr.poc1B morphants exhibit jaw and pharyngeal arch defects (Fig. 7 D) . Both the dorsal (palatoquadrate) and ventral (Meckel's cartilage) components of the mandibular arch were short and malformed in the morphants, whereas the pharyngeal arches were absent. Morphants also displayed abnormal polarity of the ceratohyal cartilage, which formed in the opposite direction to control embryos. Furthermore, neural crest-derived melanocytes dis played mislocalization, which is congruent with disruption of NCC migration.
Discussion
Poc1 is a conserved WD40 repeat-containing protein that incorporates within multiple domains of the basal body to func tion in centriole stability and cilia biogenesis. Poc1's role in cilia function is conserved from T. thermophila to vertebrates. Poc1B loss in zebrafish causes maladies found in ciliopathies. Our work suggests an important role for Poc1 function in both motile and immotile cilia. We propose that Poc1's role in maintaining the structural integrity of basal bodies is critical for proper cilia formation.
Basal body structural integrity
Poc1 protein localizes to three major domains within the basal body: the cartwheel, the cylinder walls, and the site of nascent basal body assembly. The cylinder wall localization of Poc1 is consistent with that found in C. reinhardtii and humans ( Fig. 7 ; Hames et al., 2008; Keller et al., 2009) . However, these studies did not identify the cartwheel localization. In T. thermophila, the total population of Poc1 at basal bodies is represented by a dynamic fraction that makes up the Poc1 at the site of new assembly and a small fraction at the cartwheel population. The stable and most abundant population of basal body-localized (B) HsPoc1B localized predominantly to the proximal end of basal bodies. Poc1B (red; CO200) was colocalized relative to C-Nap1 (green; basal body proximal end marker) and acetylated tubulin (ac tub; green; basal body and cilia marker). Bar, 1 µm. (C) IEM localized HsPoc1B to the transition zone (23%), cylinder walls (49%), and cartwheel (28%). events. New basal bodies assemble in poc1 cells; however, the basal bodies contain morphological defects. The central lumen density was disrupted, as were the microtubules of the proximal end. Cytoplasm also infiltrated the luminal space. Consistent with the stable incorporation of Poc1 assembly at the cylinder walls, we predict that this population of Poc1 is required for stabilizing the microtubule cylinder walls to maintain the central lumen integrity. The loss of lumen elec tron density was also observed in T. thermophila Sas6a knockouts (Culver et al., 2009) , and analogous to Sas6a loss, Poc1 is at the cartwheel and the microtubule cylinder walls. Our analyses of Poc1 assembly dynamics defines how and when Poc1 protein localizes to discrete structural elements within the basal body. During new basal body assembly, the cartwheel and cylinder walls acquire the stable population of Poc1, whereas a smaller fraction of Poc1 is dynamically exchanging at basal bodies throughout the cell cycle.
The complex localization of Poc1 to basal body domains for proper assembly and stability, such as the cartwheel and the cylinder walls, suggested that Poc1 is critical for these Figure 7 . Zebrafish Dr.poc1B morphants exhibit ciliopathy defects. (A) Dr.poc1B morphants (DrPoc1B MO) display smaller eyes, heart edemas (red arrow), mislocalized melanocytes (green arrow), truncated bodies, and kidney cysts (white arrow) at 4 d post fertilization (dpf). Bars, 0.5 mm. (B) Cilia (green) of Dr.poc1B morphant embryos at 48 hpf are disorganized and appear shorter within the pronephretic duct (PND) and are expanded within the posterior neural tube (NT). Short cilia were visible in the KV at 12 hpf (Dr.poc1BATG MO, 3.6 ± 0.9 µm; Dr.poc1BSPL MO, 3.6 ± 0.9 µm; control, 6.2 ± 0.8 µm; n > 100; P < 0.001). Bars: (top) 10 µm; (middle) 25 µm; (bottom) 5 µm. (C) Heart laterality defects were observed in Dr.poc1B morphants at 48 hpf. Using in situ hybridization to cmlc2, heart loops were visualized in flat-mounted sections. The ratios indicate the relative frequency of heart positioning. Bar, 0.5 mm. (D) Fish were stained with Alcian blue to visualize cartilage and bone. Morphants displayed craniofacial abnormalities consistent with the ciliopathy phenotype. Dr.poc1B morphants exhibit pharyngeal arch and jaw defects at 6 d post fertilization. PQ, palatoquadrate; M, Meckel's cartilage; CH, ceratohyal; VPA, visceral pharyngeal arches. Bar, 0.5 mm. Poc1 for basal body stability and organization • Pearson et al.
functions at both motile and immotile cilia. However, it has been postulated, based on evolutionary studies, that Poc1's function is specific to undulating cilia . To determine if this is the case, we tested whether human Poc1A and Poc1B are required for normal ciliogenesis of immotile primary cilia. Poc1B had a distinct function in pri mary cilia formation in human RPE1 cells (Fig. 6) , suggesting that Poc1 family members have roles in both types of cilia. This is consistent with localization showing that Poc1 resides at the basal bodies of both motile and immotile cilia (Avidor Reiss et al., 2004; Keller et al., 2005 Keller et al., , 2009 Kilburn et al., 2007; Hames et al., 2008 ; this study).
We found that only HsPoc1B is required for primary cilia formation and ciliary length. This suggests that the two HsPoc1 proteins have divergent functions in which both proteins have a role in centriole duplication (Keller et al., 2009; unpublished data) , whereas HsPoc1B is specifically required for cilia for mation. Alternatively, although the siRNA treatment conditions with HsPoc1A were sufficient to inhibit centrosome reduplica tion (unpublished data), it is possible that a further depletion of HsPoc1A is required to manifest a primary ciliogenesis defect.
The role of HsPoc1B in ciliogenesis remains unclear. We predict that Poc1stabilized basal bodies may be required for normal ciliogenesis. Consistent with a stability function, the cartwheel protein Bld10 in Drosophila exhibits similar roles in ciliogenesis (Blachon et al., 2009; MottierPavie and Megraw, 2009) . However, it is worth noting that Bld10 in Drosophila localizes to domains other than the cartwheel. Similarly, HsPoc1B also localizes near the transition zone that links the basal body to the cilia (Fig. 6 C) . This fraction of HsPoc1B protein in human cells may be required for proper cilia assem bly and function.
The inhibition of primary ciliogenesis and shorter cilia in human cells suggests that the Poc1 family is required for proper cilia formation and function. Cilia participate in an extensive number of processes required for normal embryonic develop ment, and cilia defects cause a wide range of morphological anomalies (Gerdes et al., 2009) . To determine whether Poc1 family members are required for such critical ciliarybased roles, we examined the phenotypes of DrPoc1B morphants. Zebrafish DrPoc1B morphants exhibit ciliopathylike defects with truncated bodies, curved tails, small eyes, heart edemas, short KV cilia and laterality defects, neural tube cilia defects, and renal cilia defects with associated kidney cysts. These de fects are not observed with all mutant centrosomal proteins, indicating that Poc1B function may be specific to basal body assembly and function in ciliogenesis (Graser et al., 2007; Wilkinson et al., 2009) .
Laterality defects or a disruption of the left-right asym metry of heart placement was discovered in Dr.poc1b mor phants. This is commonly associated with improper assembly or motility of the nodal cilia or the zebrafish equivalent, KV, during embryogenesis. Motility is required for leftward flow of determinants during early development, leading to proper organ placement (Essner et al., 2005) . KV cilia in Dr.poc1b morphants are significantly shorter, and these defects are likely the cause of the asymmetric heartpositioning anomalies. the loss of the stable Poc1 population at the cartwheel may also perturb the cartwheel structure. However, we did not observe an appreciable difference in cartwheel structure in poc1 cells. Structural defects in the basal body cartwheel and/or the cylinder walls likely result in the decreased basal body stability.
Basal bodies disassemble in poc1 cells that are main tained under conditions that either block new assembly or destabilize microtubules, nocodazole. The nocodazole sensitiv ity suggests that Poc1's basal body stability role is at the cylin der walls. Furthermore, the structural and stability defects are exacerbated by increased temperature. At high temperatures, in the absence of Poc1, centrin staining of new basal bodies is decreased, and the ultrastructural defects are increased. Consistent with the structural defects, the stability of basal bod ies is reduced. Finally, basal bodies assembled in poc1 cells are unstable and do not withstand a cell cycle arrest, suggesting that cell cycle-dependent maturation events must occur before basal bodies assemble into a stable structure. Such stability is facilitated at least in part by Poc1.
We predict that a source of basal body instability is the forces that are exerted on basal bodies or centrioles by attached microtubule arrays. The temperaturesensitive lethality of poc1 cells may be the result of the loss of organization and stability of basal bodies in T. thermophila. Elevated tem peratures increase cell swimming rates, causing greater forces on basal bodies (Fig. S1 C) . This increased force may contribute to the instability of basal bodies, ultimately leading to dimin ished cell swimming rates in the absence of Poc1. In the case of centrioles, both HsPoc1A and HsPoc1B are required for centriole over duplication during a prolonged S phase arrest (Keller et al., 2009; unpublished data) . Drosophila Poc1, along with Sas6 and Plk4, is required for the early formation of a proximal centriolelike structure at the single spermatid cen triole (Blachon et al., 2009) . We predict that Poc1dependent stabilization is required to maintain newly assembled centrioles in the S phase arrest overduplication assay in human cells and at the Drosophila proximal centriolelike structure. Consistent with a model for centriole stabilization, Poc1 overexpression leads to elongated centriolelike structures, whereas Poc1 depletion causes shorter centrioles, suggesting that microtubule stability is facilitated by Poc1 family members (Blachon et al., 2009; Keller et al., 2009 ).
This function is consistent with the stable Poc1 population localized to the cylinder walls (Fig. 5) . A similar nocodazole sensitivity of centrioles was observed in human RPE1 cells depleted of CAP350 (Le Clech, 2008) and with overduplicated centrioles formed during an S phase arrest or overexpression of Plk4 (Balczon et al., 1999; Le Clech, 2008) . Poc1 may function in a class of protein components along with CAP350 (Le Clech, 2008) to form stable centrioles.
The role of Poc1 in cilia formation and function
The formation of both motile and immotile cilia can occur by several distinct mechanisms, but they all require the presence of a functional basal body. Thus, we would expect that Poc1 was constructed by cloning the entire POC1 cDNA into the Gateway pENTR-D (Invitrogen). This was subcloned into pBSmttGFPgtw using Gateway LR Clonase (Invitrogen). Truncated forms of POC1 were similarly constructed by cloning the coding sequence for aa 1-342 to create pBSmttGFPpoc1-wd40 and aa 343-end (634) to generate pBSmttGFPpoc1-c terminus. A C-terminal mCherry fusion (p4T21-POC1-mCherryLAP) with POC1 was constructed by amplifying and inserting flanking sequences immediately upstream (flanked by Kpn1 and EcoR1) and downstream (flanked by BamH1 and Sac1) of the POC1 termination codon and into p4T21-MTTUTR-CherryLAP.
mCherry-tagged fusion cassettes were created for both HsPoc1A (NCBI Protein database accession no. AAI19694.1) and HsPoc1B (NCBI Protein Database accession no. NP_758440.1; pIC194-HsPoc1A and pIC194-HsPoc1B). The cDNA sequence for HsPOC1A was amplified from HeLa total RNA using an RT-PCR kit (Superscript One-step; Invitrogen) with flanking XhoI and BamHI restriction sites for cloning into the pIC194 LAP vector (Cheeseman and Desai, 2005) . HsPOC1B cDNA was PCR amplified from American Type Culture Collection clone MGC-26753 with flanking XhoI and BamHI restriction sites to clone into the pIC194. The cassettes were confirmed by DNA sequencing. Truncations of HsPoc1A were generated by subcloning the coding sequence for aa 1-299 and 300-552 flanked by XhoI and BamHI restriction sites to generate pIC194-Hspoc1a-wd40 and pIC194-Hspoc1a-c terminus fragments, respectively. Truncations of HsPoc1B were generated by cloning the coding sequence for aa 1-298 and 299-478 flanked by XhoI and BamHI restriction sites to generate pIC194-Hspoc1b-wd40 and pIC194-Hspoc1b-c terminus, respectively.
Generation of T. thermophila poc1
A plasmid containing poc1::NEO2 was digested with SacI and KpnI to release the knockout cassette and was introduced into the micronucleus of conjugating cells (B2086 and CU428) by biolistic bombardment (Bruns and Cassidy-Hanley, 2000) . Proper integration and replacement of NEO2 into the POC1 locus was confirmed by PCR. Crosses to confirm that the transformation occurred in the micronucleus were performed, and the knockout heterokaryon was constructed as described previously (Hai et al., 2000) . Knockout strains were generated by mating star and nonstar strains containing the homozygous poc1::NEO2 in the micronucleus (poc1). The NEO2 insert was eliminated during mating of the micronuclear knockout heterokaryons so that the knockout could not be detected by paromomycin resistance. This elimination of exogenous sequences into the micronucleus has been previously described (Liu et al., 2005) . Complete elimination of POC1 was confirmed using PCR and RT-PCR and by wild-type POC1 rescue of the knockout phenotypes by reintroduction at the RPL29 locus (pBSmttGFPPOC1).
Macronuclear transformation
The GFP fusions were transformed into the T. thermophila macronucleus by biolistic bombardment (Bruns and Cassidy-Hanley, 2000) . Paromomycin-or cycloheximide-resistant cells (depending on the experiment) were selected and confirmed by basal body fluorescence.
Light microscopy
Fluorescence microscopy, FRAP, and the quantification of basal body fluorescence intensities were performed as previously described . Imaging was performed using an upright microscope (DMRXA; Leica) with a 63× Plan Apo NA 1.32 objective and a charge-coupled device camera (CoolSNAP HQ2; Photometrics). MetaMorph imaging software (MDS Analytical Technologies) was used to collect and analyze the images. All images were acquired at RT. Acquisition exposure times between 100 and 500 ms were used. Basal body fluorescence intensities were determined by subtracting the background fluorescence (F background ). 5 × 5 (inner fluorescence intensity [F i ])-and 9 × 9 (outer fluorescence intensity [F o ])-pixel regions were symmetrically placed around each basal body, and the total integrated fluorescence intensity was determined for each region. F background was calculated based on the surrounding fluorescence that is not contained in the inner fluorescence intensity. The background fluorescence intensity was corrected for the total region size of F i (F background = [F o  F i ] × 25/56). The basal body fluorescence intensity was determined by subtracting F background from F i .
FRAP of GFP-Poc1 was performed as previously described . Basal bodies were photobleached using a targeted 13 × 13-pixel region with a 500-ms laser exposure from a digital diaphragm system (Mosaic; Photonics Systems). Images were collected using an inverted microscope (TE2000U; Nikon) fitted with a confocal system (Solamere), confocal head (CSU-10; Yokogawa), Plan Apo 60× NA 1.4 violet-corrected objective (Nikon), and a charge-coupled device camera
In the absence of DrPoc1B, the motile cilia of the zebrafish pronephric duct appear shorter and, as found for T. thermophila, appear disorganized and decreased in frequency. Such defects were also found for the centrosomal proteins Cep70 and Cep131 (Wilkinson et al., 2009) . As expected for defects in renal cilia formation and organization, the frequency of kidney cysts is increased in Dr.poc1b morphants. Cystic kidney diseases are among the most common genetic diseases resulting in human death (for review see Hildebrandt and Otto, 2005) . Kidney cysts may develop as a result of improper polarity and mitotic spindle positioning in the lumen of the pronephric ducts. Such polarity cues are facilitated by the noncanonical Wnt-planar cell polarity signaling pathway either through proper ciliogenesis or mainte nance of cilia.
Consistent with a role in polarity and spatial cues to direct cell migration, Dr.poc1b MO-injected embryos display facial defects analogous to those found with Bardet-Biedl syn drome MO-injected fish. Such anomalies are likely the result of improper NCC migration. For proper migration, NCCs are regulated by and receive cues from both the noncanonical Wnt and Sonic hedgehog signaling pathways, both of which rely on cilia for their proper function. As found for Bardet-Biedl syndrome genes , Poc1B may play a role in these critical signaling pathways for NCC migration and pat terning by enabling the proper formation and stabilization of basal bodies and functional cilia.
Finally, we identify the importance of basal body compo nents in basal body stability enabling their function as a struc tural platform for both motile and immotile cilia. We propose that defects in basal body stability can lead to partially func tional basal bodies and cilia and ultimately a more subtle defect than the complete loss of the structure. These subtle defects may be a key principle and novel mechanism for the onset of human ciliopathies.
Materials and methods
T. thermophila cell culture T. thermophila cells were grown at 30°C in 2% SPP (2% proteose peptone, 0.2% glucose, 0.1% yeast extract, and 0.003% Fe-EDTA) unless otherwise indicated. Strains CU427, CU428, B2086, and B*VII were used in this study (T. thermophila Stock Center, Cornell University). For G1 arrest to inhibit new basal body assembly, cells were starved by washing into starvation media (SM; 10 mM Tris-HCl, pH 7.4) for 12 h. Cell densities were quantified using a Counter Z1 (Beckman Coulter).
To measure cell viability, cells were collected at 24-h intervals, washed with NaPO 4 buffer, and resuspended into phosphate buffer with 25 µg/ml propidium iodide for 30 min at RT. The cell lethality (n > 5,000 cells) was quantified using a flow cytometer (FACSCan; BD). For nocodazole treatments, T. thermophila cells were grown at log phase in the presence of either 10 µg/ml nocodazole or DMSO for 7 h at 30°C before fixation and immunofluorescence. The basal body frequency of cells with early oral primordium (stages 1 and 2) was quantified for the nocodazole sensitivity experiments. This is distinct from the starvation experiments in which cells were arrested in G1.
Plasmids
The T. thermophila POC1 gene (NCBI Protein Database accession no. XP_001029778.1) knockout cassette that replaced the entire POC1 ORF with the NEO2 paromomycin resistance gene was constructed by PCR amplification and insertion of a 1.3-kb sequence upstream of POC1 flanked by SacII and BamHI sites and a 1.3-kb sequence downstream of POC1 flanked by XhoI and KpnI into p4T2-1 (Gaertig et al., 1994) . pBSmttGFPPOC1 Poc1 for basal body stability and organization • Pearson et al. buffer for 30 min. Samples were partially dehydrated in 50% ethanol then stained en bloc with 1% uranyl acetate in 70% ethanol. Dehydration was completed with ethanol followed by propylene oxide, and samples were embedded in epon/araldite epoxy resin. 70-nm-thin sections were stained with 2% uranyl acetate and lead citrate and imaged using a transmission electron microscope (CM10; Philips).
Immunofluorescence T. thermophila were fixed and stained with rabbit anti-Cen1 (Stemm-Wolf et al., 2005) , mouse anti-K antigen (10D12; Williams et al., 1990; , or anti-kinetodesmal fiber antibodies (striated rootlet; 5D8; Jerka-Dziadosz et al., 1995) provided by N. Williams and J. Frankel (University of Iowa, Iowa City, IA). A modified ethanol fixation procedure was used ). 10 ml cultured cells were pelleted and resuspended in 2.0 ml fixative (70% ethanol and 0.2% Triton X-100) on ice for 10 min. Cells were subsequently washed and stained for immunofluorescence in suspension. Samples were incubated with anti-Cen1 (1:1,000) and anti-K antigen (1:50) for 1 h at RT or overnight at 4°C before washing and incubating with secondary antibodies for 1 h at RT (Alexa Fluor 488-and Texas red-conjugated anti-rabbit or -mouse secondary antibodies; 1:1,000). Cells were washed, incubated on poly-l-lysine-coated coverslips, and mounted in Citifluor (Ted Pella, Inc.).
Human cells were stained with mouse anti-C-Nap1 (1:1,000; BD), mouse anti-acetylated tubulin (1:2,000; 6-11-B1; Sigma-Aldrich), mouse anti--tubulin (1:500; GTU-88; Sigma-Aldrich), mouse anti-Cetn2 (1:2,000; 20H5; Salisbury et al., 1988) , rabbit anti--tubulin (1:1,000; DQ-19; SigmaAldrich), and rabbit anti-HsPoc1B (1:250; CO200).
RPE-1 or human osteosarcoma (U2OS) cells were fixed with 100% methanol (20°C) for 2 min, washed once with PBS/Mg (PBS + 1 mM MgCl 2 ), and permeabilized for 10 min with PBS + 0.5% Triton X-100. Cells were washed in PBS/Mg, blocked for 1 h in blocking buffer (1× PBS, 0.5% bovine serum albumin, 0.5% NP-40, 1 mM MgCl 2 , and 1 mM NaN 3 ), and incubated for at least 2 h in primary antibody diluted in blocking buffer. Cells were washed 4× with PBS/Mg and incubated in diluted secondary antibodies before a final wash and mounting in Citifluor.
Primary cilia lengths were quantified in human RPE-1 cells. At least 110 cilia were measured for each condition (lamin A/C or HsPoc1BUS siRNA) for three total experiments. Cilia lengths were measured using MetaMorph.
Transfections
For transient expression of mCherry, mCherry-HsPoc1A, mCherry-HsPoc1B, and mCherry-HsPoc1A and -HsPoc1B truncations, either RPE-1 or U2OS cells were transfected with each expression plasmid using Effectene reagent (QIAGEN). Transfected cells were identified by fluorescence microscopy.
Human siRNA siRNA nucleotide duplexes were synthesized by Proligo (Sigma-Aldrich). HsPoc1AMID (5-CTGGGTCCGCTGTGCCAAG-3), HsPoc1ADS (5-GGG-ACCAGCCACCACTGTT-3), HsPoc1BUS (5-CTTCTCAGATTCCGTT-GGA-3), and HsPoc1BDS (5-AAAGTTGAGACTGTAGAAA-3) were used to knockdown the two human Poc1 proteins. Transfections were performed using Oligofectamine transfection reagent as described by Invitrogen. For controls, cells were either treated with Oligofectamine without siRNA or lamin A/C siRNA (Applied Biosystems). siRNA knockdown was assessed using RT-PCR to amplify a region of each mRNA with GAPDH (glyceraldehyde 3-phosphate dehydrogenase) as a negative control (Fig. S4 A) . The knockdown of HsPoc1B was also confirmed by measuring the decrease in anti-HsPoc1B (CO200) staining at basal bodies (Fig. S4 B) . Both decreased primary cilia length and frequency were found for the two HsPoc1B siRNA duplexes.
Human primary ciliogenesis
To measure primary cilia formation, RPE-1 cells were seeded in DME with 10% FBS for 24 h. Cells were transfected with siRNAs for 4 h and resuspended in DME with 0.25% FBS. The frequency of primary cilia was monitored by staining for acetylated tubulin 48 h after refeeding.
Poc1 antibodies
The HsPOC1B (NCBI Protein Database accession no. NP_758440.1) coding sequence for aa 312-406 was PCR amplified from American Type Culture Collection cDNA clone MGC-26753 and cloned into pQE10 to generate a 6× His fusion antigen for HsPoc1B. This fusion was injected into rabbits for antibody production (Covance). Antibodies (antiHsPoc1B; CO200) were purified by binding to antigen (6× His-Hspoc1; aa 312-406) isolated on a Western blot. The bound antibody was washed and eluted using low pH glycine. This antibody was not successful (Cascade II-512B; Photometrics). 350-ms exposures were acquired, the time intervals ranged from 1 s to 1 min, and a maximum experimental length of 5 min was performed. Fluorescence intensities for each time point were determined using the aforementioned background subtraction, and the fluorescence recovery was analyzed using Excel software (Microsoft). A single exponential recovery curve was fit to each recovery profile of the short time interval experiments and averaged for 16 experiments. The percentage of recovery, rate constant (k), and recovery t 1/2 were calculated. To verify that the recovery for each protein exhibited single exponential recovery kinetics, the natural logarithm of the fluorescence recovery was plotted relative to time to determine whether a single, straight line (predicting a single rate constant) was observed. An r 2 value was calculated (0.98) for a regression line through the dataset. A theoretical recovery curve based on the k value and final percentage of recovery was displayed relative to the mean recovery plots for comparison.
Cell motility was measured by washing log phase growing cells into SM for 30 min. Samples were diluted to 1.0 × 10 4 cells/ml in SM and transferred into an imaging chamber (CoverWell perfusion chamber; Invitrogen). Cells were imaged for 0.45 s at 0.045-s intervals. The cell motility rates were measured using the Track Points function in MetaMorph. A minimum of 200 traces were analyzed for each condition.
To identify new basal body assembly, old and new basal bodies were followed as previously described (Shang et al., 2005; . Cells growing in log phase were starved for 12 h before they were resuspended in fresh SPP media. After 2 h of growth, when a fraction of the cells were dividing, cells were fixed and stained for centrin and K antigen. T. thermophila cells duplicate their basal bodies anterior to their parent basal bodies within the medial region of cells before cell division.
The frequency of T. thermophila basal bodies per unit length was quantified in either starved or log phase growing cells to ensure that a consistent cell cycle stage was analyzed in growing cells in either interphase (no oral primordium) or early cell division (oral primordium stages 1-2; Bakowska et al., 1982) , depending on the experiment. Anticentrin staining was used to mark all basal bodies (Stemm-Wolf et al., 2005) . The number of basal bodies in a 10-µm length of each ciliary row at the cell median was counted (Fig. 1 C, top) . A minimum of 150 rows were counted for each condition. The mean cell length was measured to ensure that changes in basal body frequency were not a result of changes in cell length. TEM IEM in T. thermophila was performed as previously described (Kilburn et al., 2007; ). Images were collected using an electron microscope (CM10; Philips) equipped with a digital camera (BioScan2; Gatan) and digital micrograph software (Gatan). IEM in human RPE-1 cells was performed by inducing primary cilia formation by starving cells in DME with 0.25% FBS for 48 h. Cells were trypsinized, and the PBS-washed cell pellet was resuspended in 150 mM mannitol and 5% dextran (19 kD; Sigma-Aldrich) in DME with 0.25% FBS and gently centrifuged. Aliquots of the loose pellet were loaded into the 100-µm well of a type A specimen carrier (Technotrade International) and high pressure frozen (HPM-010; BAL-TEC). Frozen samples were freeze substituted in 0.1% uranyl acetate in acetone using an EM automatic freeze substitution system (AFS; Leica). Initial freeze substitution was performed at 85°C for 3 d and gradually warmed to 50°C for infiltration and embedding in Lowicryl HM20 (Electron Microscopy Sciences). Serial 60-nm-thin sections were collected on formvar-coated nickel slot grids. Grids were exposed to a blocking solution consisting of 1.0% nonfat dry milk in PBS with 0.05% Tween 20 for 30 min and floated on droplets containing the affinity purified HsPoc1B antibody diluted to either 1:5 or 1:10 in blocking reagent for 2 h at RT. After thorough rinsing with PBST, grids were incubated on 15-nm gold goat anti-rabbit IgG secondary antibody for 1 h at RT followed by rinsing with PBST and water. After drying, grids were stained with 2% uranyl acetate in 70% methanol and lead citrate for 3 min each. 87 gold particles were localized in a total of nine centrioles and basal bodies from serial 60-nm sections. Gold particles were localized to the transition zone, cylinder wall, and cartwheel. The relative gold distribution pattern using 25 gold particles is shown in Fig. 6 C (left) .
Structural analysis of basal bodies in poc1 was performed using chemically fixed T. thermophila cells. T. thermophila cultures were prepared for conventional TEM using a modified protocol from Orias et al. (1983) . Cells were fixed at RT for 3 min in 2% glutaraldehyde, 1% sucrose, and 5 mM sodium phosphate buffer, pH 7.0. An equal volume of 2% osmium tetroxide in 20 mM phosphate buffer was added, and the cells were left in the combined fixative for 10 min. The cells were centrifuged, and the fixative mixture was replaced with fresh 2% osmium tetroxide in 20 mM phosphate Zebrafish Wild-type zebrafish from AB × Tup LF strain were used for DrPoc1 knockdown experiments. Staging and husbandry were performed as previously described (Westerfield, 1995) . Antisense MO oligonucleotides (GeneTools, LLC) were designed against the Drpoc1 (NCBI Protein database accession no. CAM15113.1) transcript start codon (Drpoc1ATG, 5-GATCCTCCAT-TACAGACGCCATGAT-3) and the intron 1-exon 2 splice site (Drpoc1Spl, 5-TCCTCCTGAATAAGACAGAGAACTT-3).
The rhodamine-dextran clearance and renal filtration assay was performed as previously described (Tobin and Beales 2008) by injecting 1 nl of 10 kD rhodamine-dextran (Invitrogen) into the pericardium of 72-hpf embryos. Embryos were mounted at 3 and 24 h post injection in 3% methylcellulose, and images were acquired under identical parameters using a stereomicroscope (Lumar V12; Carl Zeiss, Inc.) equipped with a camera (AxioCam HRC; Carl Zeiss, Inc.) and AxioVision software (version 4.6; Carl Zeiss, Inc.). Relative cardiac fluorescent intensity was measured using a 100 × 100-pixel region of interest with ImageJ software (National Institutes of Health). Between time points, embryos were kept in fish water maintained at 28.5°C.
Zebrafish embryos were fixed in 4% PFA. Ciliary morphology was determined using a monoclonal anti-acetylated tubulin antibody (1:500; T6793; Sigma-Aldrich) with Alexa Fluor secondary reagents (1:1,000; Invitrogen). Embryos were flat mounted in Citifluor and imaged using a confocal microscope (SP2 [Leica] or LSM710 [Carl Zeiss, Inc.] ).
Craniofacial defects were characterized using the cartilage stain Alcian blue as previously described (Neuhauss et al., 1996) . Embryos were bleached in 30% hydrogen peroxide until sufficiently translucent. Before incubating overnight in Alcian blue solution, embryos were cleared in acidic ethanol until the desired clarity was resolved and specimens were stored and imaged in glycerol.
RNA was extracted from 30 48-hpf embryos per experimental group using TRIzol (Invitrogen) and isopropanol RNA extraction and precipitation. Embryos were ground in 50 µl TRIzol (50-100 mg tissue/ml) using a micropestle incubated for 5 min at RT before adding 10 µl chloroform (200 µl chloroform/ml TRIzol). The solution was vigorously mixed and incubated for 3 min before centrifuging for 15 min. Centrifugation was performed at 12,000 g in a 4°C microcentrifuge. 25 µl isopropanol (500 µl isopropanol/ml TRIzol) was added to the aqueous phase in a fresh tube, mixed, and incubated for 10 min at RT. The precipitate was centrifuged for 10 min, supernatant were removed, and RNA were washed in 75% ethanol (1 ml ethanol/ml TRIzol) by brief vortexing and further centrifugation for 5 min at 7,500 g. RNA was left to air dry for 5 min before redissolving in 10 µl of nuclease-free water. First-strand cDNA was synthesized using random nanomers (Sigma-Aldrich) and Omniscript transcriptase (QIAGEN) according to the manufacturer's instructions. Standard PCR was performed using primers against the forward strand of Dr.poc1b within the 5 untranslated region (5-GTGGCTCAACATGGAGGAGT-3) and either the reverse strand of exon 3 (5-TGGGTGTCCACAATCGAAC-3) or exon 12 (5-TCACAACGGGGGTCCCTCGGA-3). GAPDH primers (forward, 5-TTAAGGCAGAAGGCGGCAAA-3; reverse, 5-AAGGAGC-CAGGCAGTTGGTG-3) were used as control.
Online supplemental material Fig. S1 shows the cell growth, viability, swimming, and morphological defects in poc1 cells. Fig. S2 shows that Poc1 localization is dependent on the WD40 repeat domain and that basal bodies are less stable in poc1 cells. Fig. S3 shows that endogenous HsPoc1B localizes to basal bodies and centrioles. Fig. S4 shows the level of HsPoc1A and HsPoc1B depletion by siRNA. Fig. S5 shows the defective renal clearance and increased kidney cysts in zebrafish Poc1B morphants. Online supplemental material is available at http://www.jcb.org/cgi/content/full/jcb.200908019/DC1.
